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The controlled breakdown of the macromolecular components of connective tissue matrices is a fundamental feature of the development and growth of an organism. The same processes are involved, although the precise regulatory mechanisms have been abrogated, in the pathological destruction o f tissues in degenerative diseases. A central role in matrix degradation has been established for the family of Abbreviation used: 1'IMP. tissue inhibitor of metalloproteinase. matrix metalloproteinases, which are synthesized by endogenous connective tissue cells, as well as some types of haemopoietic cell. Recent studies have focused on the isolation and detailed biochemical characterization of these proteinases, the determination of their precise role in vivo and the mechanisms involved in their regulation [ I ] . This brief review will outline the characteristics o f these proteinases and some aspects of their regulation. To exemplify the methods used to assess the role of proteinases in matrix resorption, some recent data on stromelysin activity with respect to cartilage will be discussed.
Three types of matrix metalloproteinase have been distinguished from cDNA sequences and from biochemical and immunological criteria and are known as interstitial collagenases, gelatinases (type IV collagenases) and stromelysins. They exhibit extensive sequence similarity, which can be divided into domain structures (Fig. l) , including a propeptide lost during activation, a Zn? +-binding The primary sequences of the metalloproteinases can be divided into domains, including a prepeptide signal sequence, a propeptide lost on activation and several regions that constitute the active enzyme. Domains common to all the metalloproteinases (with an overall sequence similarity of about SO"%) include the propeptide (80 amino acids), an N-terminal 120 amino acids. a putative Zn? +-binding motif with close similarity to the Zn?
+ -binding site in the bacterial metalloproteinase thermolysin, and a disulphide-bonded C-terminal domain of about 250 amino acids with motifs similar to those found in regions of vitronectin (hemopexin family). The gelatinases have larger M , values owing to extra domain insertions; both forms have a region of three 58-residue head-to-tail re eats with extensive similarity to those of the fibronectin collagen-binding domain 1237. M,-9S 000 gelatinase has a further insertion with some similarity to the az-chain of type V collagen [24] . CHO indicates potential carbohydrate binding sites. domain and regions with sequence similarity t o a number of extracellular matrix proteins. The substrate specificity of the three types of metalloproteinase varies considerably, although they are all poor peptidases and cleave prefercntially at the N-terminal side of hydrophobic residues in specific large proteins. The collagenases, of which two separate gene products have been identified, are the most specific, cleaving the native helix of the fibrillar collagens at a single locus. The gelatinases or type 1V collagenases degrade types IV, V and VI1 collagens and may act synergistically with collagenases in the degradation of collagens, since they efficiently degrade denatured forms (gelatins). Two separate gene products have also been identified to date and have been associated with many connective tissue cells as well as monocytes/macrophages [ 21. The stromelysins are potentially a very important component of the connective-tissuedegrading mechanisms of the cell, with a broader pH optimum and substrate specificity, and are able to degrade many extracellular matrix proteins [3] . They are notably very active against proteoglycan core protein and have been previously termed proteoglycanases. Matrix proteins associated with macromolecular and cell-matrix interactions are also degraded by stromelysins, including fibronectin, laminin, type 1X collagen and the non-helical cross-link regions of type 1V collagen. Stromelysins also act as potentiators of collagenase activity [4] . Three gene products have been identified: stromelysins-1 and -2 and pump-1. The latter is more distantly related to the other two with respect to primary structure and lacks the C-terminal domain [S].
Regirluriori of metalk[)proreinuse.~
Matrix turnover is a normal component of physiological remodelling processes and is controlled by the resident connective tissue cells. Metalloproteinases produced by these cells are tightly regulated at several levels, including gene expression and the extracellular activation and inhibition of the secreted proteinases (reviewed in [ 11). The accelerated breakdown occurring in disease processes is thought to be due in part t o a malfunction of the regulatory mechanisms controlling the activity of the metalloproteinases and a major research initiative is therefore focused on the elucidation of the various levels of control. Expression o f these enzymes by connective tissue cells has been shown to be modulated by a number of cytokines, growth factors and hormones, some of which may be specific to cell type and others which are of more general activity. Many of the cytokines and growth factors that are effective are known to be the products of monocytes/macrophages, including interleukin 1 a and -/?, tumour necrosis factor-/?, basic fibroblast growth factor, interferon-a and transforming growth factor-/?. A number of these effectors have been shown t o be synthesized by connective tissue cells, indicating the importance of autocrine regulatory mechanisms in connective tissue turnover. Interaction between different factors also appears to significantly modify the responses of connective tissue cells.
Mechanisms by which the secreted proform of the metalloproteinases may be activated extracellularly are still unclear. Studies on the biochemistry of the activation process in vitro have shown that the prometalloproteinases can undergo conformation changes leading to a self-cleavage, releasing about 80 amino acids from the N-terminus (61. Recent studies suggest that the wholly conserved propeptide sequence PRCGVPDV may interact through the cysteine thiol with the active site Zn?+, preventing the accessibility of the water molecule required in the cleavage mechanism 171. This interaction is destabilized by N-terminal cleavage of the
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propeptide by enzymes such as plasmin or kallikrein, which can initiate either the self-cleavage reaction or permit active stromelysin cleavage of collagenase [4] . Studies using model cell systems have confirmed the importance of the plasminogen activator cascade in the activation of the metalloproteinases collagenase and stromelysin, and subsequent matrix degradation [8]. However, plasmin is not an efficient activator of progelatinases and their activation mechanism iri vivo remains to be elucidated.
Further regulation of the metalloproteinases occurs by the action of the specific inhibitors synthesized by connective tissue cells, the tissue inhibitors of metalloproteinases or TIMPs. Four forms have been identified and two have been biochemically characterized and found to be closely related. TIMP-1, an M,-30 000 glycoprotein, is the predominant form 191, but smaller amounts of TIMP-2, a largely unglycosylated M,-23 000 protein are often produced by the same cells 110; R. Ward & G. Murphy, unpublished work] .
Thc form of TIMP extracted from bovine cartilage matrix appears to be TIMP-2 11 1 I. The production of these inhibitors is regulated by many of the same effectors that activate the metalloproteinases. Their importance in the regulation of metalloproteinase activity has been demonstrated using model systems. TIMP-1 expression in resorbing ti been demonstrated by immunohistochemical local cells and tissues, often being produced at the same time as metalloproteinases even by individual cells [ 121. The role of TlMPs may be to control tightly metalloproteinase activity at thc level of the rate of activation and subsequent substrate degradation. As with many of the other proteinase-inhibitor systems. notably that o f the plasminogen activators, metalloproteinases may only be active at specific locations where inhibitor concentrations arc reduced relative t o that of enzyme.
Role oJ' .strornely.siri urid other rrietulloproteiriu.se.s iri the rlegmdutiori ojproteoglyc.utis
The load-bearing function of cartilage is determined by the physical organization of proteoglycans within the extracellular matrix, as will be discussed in detail during this colloquium. The integrity o f the matrix is normally maintained by the resident chondrocytes which both degrade and resynthesize the individual components at a defined rate. The mechanisms by which these cells turnover the proteoglycan component of the matrix has been an enigma for many years. Studies of the effect of proteinase inhibitors on the loss of proteoglycans from cartilage in culture have consistently failed to implicate any o f the known mechanistic classes of proteinase 11 31. Although it is likely that a weakening of collagen-proteoglycan interactions facilitates proteoglycan diffusion from the matrix, the majority of the released material has been shown t o be proteolytically cleaved 1141. The process is inhibited by cytochalasins B or D which prevent actin polymerization, cell movement and phagocytosis; hence. it has been suggested that proteolysis is occurring in a protected environment from which inhibitors are excluded, such as at a cleft in the cell surface or a type of endocytic vacuole [ 131. Although the use of inhibitors in culture has proved s o negative, it seems increasingly certain that a number of different enzymes may be active in this situation, including plasmin, metalloproteinases and cysteine proteinases. To assess the specific role of metalloproteinases, a number of approaches have been adopted in studies from different laboratories. It is long established that isolated chondrocytes or cartilage in culture can produce metalloproteinases including stromelysin, the major proteoglycandegrading activity. Elevated levels of metalloproteoglycanase activities have been shown to be extractable from osteoarthritic cartilage compared with normal tissue [ 15). Two distinct activities have been isolated and defined as functioning at neutral and a more acidic pH, respectively [ 16). The former has recently been identified as stromelysin-I [ 171. In our laboratory, we have developed a panel o f specific antisera to the metalloproteinases and have used immunolocalization techniques to study their precise spatial and temporal expression with respect t o matrix resorption in both physiological and pathological processes. For example, using a technique that identifies newly synthesized antigen, we have examined the expression of stromelysin-1 in the developing rabbit growth plate [ 181. Stromelysin-1 was detected at low levels in most chondrocytes in all zones of the growth plate and was relatively more intense in the proximal region of the hypertrophic zone. It is known that changes in proteoglycan structure occur in this zone as the chondrocytes hypertrophy and calcification begins. Although the evidence is circumstantial, a role for stromelysin in proteoglycan degradation seems certain, but the identity of other mechanisms employed by the chondrocyte remain to be identified.
Another approach t o the question has been to analyse the degradation products from cartilage explants or specimens ex vivo which have been stimulated to effect proteoglycan loss [ 141. These can be systematically compared with the products generated by individual proteinase action o n purified proteoglycans. We have instigated a detailed study of the action of metalloproteinases to define their potential role in degradative events in vivo.
The analysis of stromelysin degradation of proteoglycan was initially carried out using bovine articular cartilage proteoglycan aggregate [ 31. Fractionation o f limit digests by rabbit bone stromelysin showed that the degradation products are of a similar size to those produced by trypsin, probably composed of peptides substituted with at least five to ten chondroitin sulphate chains. This is a cleavage pattern common to many proteinases that have been studied and, to some extent, reflects the structure of the cartilage proteoglycan and the accessible regions o f the protein core. Recently, we have studied the initial cleavages of the proteoglycan core protein by stromelysin and examined the effect of high substrate to enzyme ratios and high substrate concentrations, such as might occur iri viva We have analysed the products of partial digestion of pig laryngeal cartilage proteoglycan, at concentrations up to 20 mg/ml, by rabbit bone stromelysin [ 101. The products were characterized on gel chromatography by determining the distribution of different proteoglycan subcomponents (see Fig. 2 ) -G 1 (hyaluronate-binding region) and G2 domain, link protein and keratan sulphate (MZ-15 epitope) -using radioimmunoassays and total glycosaminoglycans using the Dimethylmethylene Blue assay [20] . In a partial digest, of the 60% of the glycosaminoglycans released from the aggregate, a high proportion were present as large chondroitin sulphate-bearing fragments. This indicated that there were favoured cleavage sites around the G2 domain which separated them from the hyaluronate-binding region. Consequently, all the GI, link protein and much o f the keratan sulphate epitope remained bound to hyaluronan. There was substantial destruction (40%) of the G2 epitope in the partial digests, but no GI epitope was lost. The concentration of the substrate did not influence the extent of cleavage produced by stromelysin, neither did the higher charge densities in the presence of excess chondroitin sulphate. Native 1251-labelled isolated G 1 and G 1 -G2 double-globe fragments were analysed on SDS/PAGE after stromelysin digestion [ 101. The results confirmed that native G 1 was resistant to stromelysin, but that there was conservative cleavage of native double globe to produce separate G1 and G2 domains. It can be concluded that these are early cleavage sites in the intact proteoglycan aggregate which liberate the chondroitin sulphate-rich region, and that prolonged digestion yields The central protein core has three globular domains G 1, G2 and G3 and is heavily substituted with chondroitin sulphate and keratan sulphate chains in the intervening extended regions 1211. G1 and link protein are involved in the binding of each proteoglycan monomer to hyaluronic acid to form the aggregate. Stromelysin cleaves initially at 1 between G 1 and G2 and at 2 to destroy the G2 domain 1191. In limit digcsts further stromelysin cleavages at several sites within the chondroitin sulphate-binding region can be demonstrated [ 3) .
more extensive degradation of the protein core (Fig. 2) . Analysis of the fragments released from articular cartilage explants during untreated or interleukin-1 stimulated culture experiments have shown that free binding region G1 and free G2 fragments are released into the medium, but that no G I -G 2 double-globe fragments are found (A. J. Fosang, J. A. Tyler and T. Hardingham, unpublished work). In addition, there is a significant loss of G 1 and G 2 epitope in interleukin-1 stimulated cultures. The data suggest that stromclysin may be involved in the initial attack on aggregating proteoglycans at a site near the G 2 domain. Other enzymes may be involved in digesting G 1 and in producing a rangc of smaller fragments from the remainder of the protein core.
In preliminary studies using gelatinases (M,-72 000 human gingival fibroblast and M,-97 000 pig neutrophil enzymes), no significant degradation of proteoglycan aggregate could be detected. Human fibroblast collagenase (either recombinant or natural enzyme free from stromelysin) was able to digest both aggregate and monomer to yield fragments that differed from those produced by stromelysin when analysed by agarose-polyacrylamide composite-gel electrophoresis under dissociative conditions. Further detailed analysis of the precise cleavage sites within the proteoglyean core protein are required to determine whether this activity might be significant in vivo.
Recent studies on cartilage structure have been shown that tissue integrity is due in part to a number of binding proteins which function as cross-links between type II collagen fibrils and mediate cell-matrix interactions [2 I ] . These include typc IX collagen and the glycoproteins anchorin and decorin. The resulting meshwork holds the proteoglycan aggregates in situ under some considerable pressure. Proteinases that degrade these proteins would markedly modify proteoglycan stability and may be very important in cartilage turnover. It is known that stromelysin degrades type IX collagen [ 2 2 ) , but its activity on the non-collagenous-binding proteins is as yet undefined. Our understanding of the role of this enzyme, and other chondrocyte proteinases requires further work both at the level of the isolated proteins and with cartilage in vivo. The development of diagnostic monoclonal antibodies that would identify specific proteinase cleavage products of matrix proteins may be one way of determining which enzymes are acting in the tissue.
